



Wild jackdaws, Corvus monedula, recognize individual humans and may respond to gaze direction with defensive behaviour
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Predator recognition is a prerequisite for antipredator behaviour. Although species level predator recognition is well documented, there is emerging evidence that some birds, including corvids, can differentiate between individual humans that pose different levels of threat. Other predator cues such as gaze direction may offer additional important information regarding the likelihood of an attack, but it is unknown whether wild animals can integrate information about the individual identity and gaze direction of a predator when perceiving threat levels. Here we measured wild jackdaws’ responses to human head orientation, directed towards or away from their nestbox containing chicks. To test whether aversive responses to gaze direction were integrated with information about human identity, the human presenting gaze cues wore one of two masks: a ‘threatening’ mask that had previously been worn when handling the jackdaws’ chicks and a ‘neutral mask’ that had previously been worn when walking by, but not disturbing the nest. Latency to return to the nestbox was significantly higher when the threatening mask rather than the neutral mask was worn, but it was not influenced by head direction. However, once a jackdaw landed outside the nestbox, there was a nonsignificant trend for it to be quicker to enter the box when the human was gazing towards, rather than away from the box.  These results indicate that wild jackdaws can recognize different individual humans and thus differentiate between those wearing a threatening and a neutral mask, and respond defensively by guarding their chicks from potential threat. Jackdaws may integrate both predator identity and gaze cues; however, predation risk is primarily perceived through individual human recognition.
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Prey animals may assess predation risk using a variety of predatory cues (e.g. Lima & Dill, 1990; Thorson, Morgan, Brown, & Normal, 1998). For example, predator distances are encoded in meerkat, Suricata suricatta, alarm calls  ADDIN REFMGR.CITE (Manser, 2001; Manser, Seyfarth, & Cheney, 2002), European birds adjust flight initiation distances in accordance with the speed of oncoming traffic (Legagneux & Ducatez, 2013), and fish and insects can detect whether a predator is hungry or satiated  ADDIN REFMGR.CITE (e.g. Licht, 1989; Abjornsson, Wagner, Axelsson, Bjerselius, & Olsen, 1997; Bell, Rypstra, & Persons, 2006). Predator gaze has also been shown to be an important cue for animals when deciding whether to flee  ADDIN REFMGR.CITE (e.g. basking black iguanas, Ctenosaura similis, Burger, Gochefeld, & Murray, 1991; American crows, Corvus brachyrhynchos, Clucas, Marzluff, Mackovjak, & Palmquist, 2013) or approach an area  ADDIN REFMGR.CITE (e.g. starlings, Sturnus vulgaris, Carter, Lyons, Cole, & Goldsmith, 2008;  jackdaws, von Bayern & Emery, 2009), as direct gaze may be an indication of a predator’s likelihood of attacking (see Davidson, Butler, Fernández-Juricic, Thornton, & Clayton, 2014 for a review). Of course a prerequisite to any antipredator behaviour is to first recognize a predator as such. Predator recognition at a species level has been described across a range of taxa including insects, amphibians, fish, birds and mammals (see Griffin, Blumstein, & Evans, 2000 for a review), but few studies have investigated whether animals can recognize specific individual predators. Selection should favour individual predator recognition if some individuals consistently tend to be more of a threat than others (e.g. Marzluff, Walls, Cornell, Withey, & Craig, 2010). Whether wild animals can integrate information regarding predator identity with predator gaze direction remains to be tested.
     Although there is emerging evidence that some animals can recognize individual conspecifics  ADDIN REFMGR.CITE (Proops, McComb, & Reby, 2009; Kondo, Izawa, & Watanabe, 2012) and heterospecifics  ADDIN REFMGR.CITE (e.g. Proops & McComb, 2012; Wascher, Szipl, Boeckle, & Wilkinson, 2012;  see also Wiley, 2013 for a review), only a handful of studies have investigated individual predator recognition (sensu Marzluff et al., 2010). These studies have shown that Gunnison’s prairie dogs, Cynomys gunnisoni, encode information about physical features of individual humans in their alarm calls (Slobodchikoff, Kiriazis, Fischer, & Creef, 1991), and birds selectively scold (a defensive alarm call directed at) and/or mob (swoop close to) individual humans that have disturbed their nest site  ADDIN REFMGR.CITE (northern mockingbirds, Mimus polyglottos, Levey et al., 2009; magpies, Pica pica, Lee, Lee, Choe, & Jablonski, 2011), or have trapped them for ringing (American crows,  Marzluff et al., 2010). Levey et al. (2009) and Marzluff et al. (2010) suggested that birds in densely human populated areas have developed a certain level of habituation to humans, while being able to rapidly learn and remember negative experiences with specific, threatening individuals. Although mechanisms that may drive predator recognition have been mostly studied at the species level, these studies can also give insight into mechanisms guiding predator recognition at the individual level.
     Mechanisms underlying predator recognition may include associative and/or habituation learning, as well as generalization or specificity of predatory discrimination. For example, in fish predator recognition is learned through the pairing of chemicals released from the epidermis of conspecifics when attacked (alarm substance) with a predator’s odour (Chivers & Smith, 1994). This conditioning to predator odour can subsequently be generalized to novel, closely related predator species (Ferrari, Gonzalo, Messier, & Chivers, 2007). Associative learning can further increase a pre-existing fear of predator species (McLean, Lundie-Jenkins, & Jarman, 1996; Wiebe, 2004) and can be learned through direct experience or social learning (e.g. McLean, Holzer, & Studholme, 1999). Alternatively, specificity of predator recognition can be achieved by responding to all novel species as dangerous, and subsequently habituating to those that regularly show no threat (e.g. Deecke, Slater, & Ford, 2002). These mechanisms help shape an animal’s ability to make accurate antipredator judgements between species, and are also likely to be equally important for animals that recognize individual predators within species. Moreover, if prey benefit from assessing predator risk through individual recognition, they may also benefit from assessing predator risk based on where the predator’s gaze is directed (i.e. towards the prey or elsewhere).
     To determine whether both individual predator recognition and gaze sensitivity contribute to predator risk assessment, we tested wild jackdaws, a species known to respond aversely to predator gaze both in the wild (Davidson, 2014) and in captivity (von Bayern & Emery, 2009). Moreover, there is some evidence that jackdaws in captivity distinguish between familiar and unfamiliar humans, as they responded aversively to direct gaze only if the experimenter was unfamiliar, and not when the experimenter was a familiar caretaker who had hand-raised the birds (von Bayern & Emery, 2009). Using an adaptation of the mask-wearing paradigm  ADDIN REFMGR.CITE (Marzluff et al., 2010; 2012; Cornell, Marzluff, & Pecoraro, 2012), we conducted an experiment in which an experimenter wore a ‘threatening’ mask when disturbing the jackdaws’ nestbox, and a second, ‘neutral’ mask when walking adjacent to, but not directed towards, the nestbox. If jackdaws can recognize human faces, we predicted that they would respond more defensively or more fearfully when they encountered the threatening mask at a later date. In addition, we hypothesized that if jackdaws attended to the face, they may also differentiate between a face that is directed towards or away from their nest site. If gaze is directed towards the nestbox, a predator may be more likely to approach than if its gaze is directed elsewhere. Together, both individual recognition and sensitivity to gaze direction may influence how jackdaws perceive threat levels. For example, a ‘threatening’ individual gazing towards the nest may be perceived as very risky relative to a ‘neutral’ individual gazing away from the nest.
     Aversive behaviours in response to predator gaze typically include reduced frequency of visits and/or increased latency when prey approach food  ADDIN REFMGR.CITE (Carter et al., 2008; von Bayern & Emery, 2009). Given that the disruption in our experiment was directed towards the jackdaws’ nest containing chicks, the parents may be motivated to protect their young and respond with more urgency and defensive behaviour when the perceived threat is higher. Guarding nestboxes by perching outside or inside the box is a common defensive behaviour seen in jackdaws when protecting their nest from conspecific competitors  ADDIN REFMGR.CITE (Roell, 1978; Roell & Bossema, 1982; Davidson, 2014), which may also extend to interactions with potential predators.  Therefore, we predicted that if jackdaws attend to individual human faces and their head direction, they should be quicker to approach their nestbox, visit the nestbox and scold more frequently during the highest perceived threat level. 
<H1>Methods
<H2>Ethical Note
This project was carried out under licence from the Home Office (PIL 70/25311, PPL to A.T. 80/2371) and Natural England (licence no. 20130067) and in accordance with the ASAB Guidelines for the Treatment of Animals in Behavioural Research and Teaching. Chick weighing occurred as part of the standard data collection at the field site, and time at the nestbox with the chicks was kept to a minimum. 
<H2>Study site and jackdaw–human interactions
     The experiments were conducted in Madingley, Cambridgeshire, U.K. during the 2013 breeding season (11–28 May). Madingley is a small village with a population of about 230 people and is surrounded by woodland and farmland. Madingley Hall hosts educational classes, conferences, meetings and events, and guests and staff may walk on paths adjacent to some of the woodland housing jackdaw nest sites. Consequently, resident jackdaws are likely to have experience of seeing humans walking around the area. During late winter, estate-organized pest management occurs once a week for approximately 2 months targeted at rabbits, Oryctolagus cuniculus, and Reeve’s muntjacs, Muntiacus reevesi. Although there is currently no authorized cull of corvids in the area, pigeon hunting is known to occur and corvid culls have occurred in the past. In addition, jackdaws have had frequent encounters with fieldworkers since 2011. Fieldworkers often place food and novel objects on experimental tables, ring adults and nestlings and monitor the birds’ breeding progress. The latter requires checking nestboxes using either a ladder or a camera mounted on an extendable pole that reaches the nestbox entrance hole to monitor when chicks hatched. Mask presentations began at each nestbox on the day the first chick hatched. 
<H2>Experience trials
     We used a repeated measures design on eight nestboxes over seven distinct nesting colonies (groups of approximately 10 nestboxes). The mean pairwise distance between experimental boxes ± SE was 291.8 ± 36.0 m. All boxes received two types of human experience, paired with two different mask types. A ‘threatening mask’ was worn when the nestboxes were disturbed and a ‘neutral mask’ was worn when the experimenter walked near the nestbox. All boxes received the same number and duration of ‘threatening’ and ‘neutral’ experiences. Masks were commercially available, latex, full-head masks with hair worn by one experimenter for all presentations and trials. The two masks were chosen to appear very different from one another, so as to maximize distinguishable features, namely facial expression, hair colour and pattern, age and skin tone. Different clothes were worn during each presentation to ensure any human recognition would be due to facial/hair features rather than clothing. The experience with the ‘threatening mask’ involved direct nest disturbance.  On the day the first chick hatched at each box, the experimenter accessed the nestbox using a ladder, removed the hatched chicks from the nest and weighed them on the ground. The experimenter positioned her head at all angles throughout the disturbance to ensure the mask stimulus would be visible to the parents. Disturbances lasted between 9 and 15 min (mean 12 min) and parents were seen perched nearby or circling the sky while making threatening vocalizations directed towards the experimenter (scolding) on at least one or more occasions during the disturbances at all nests. Disturbances occurred three times over 3 consecutive days and followed the same procedure each time.  In the nonthreatening human experience, the experimenter wore the ‘neutral mask’ and walked within 10 m of the tree containing the nestbox, but not directly towards the nestbox. The neutral mask presentations also occurred three times over 3 consecutive days, and were conducted 1-9 h from the disturbing mask presentation for the same day. The order of the neutral mask presentation (occurring either before or after the disturbing mask) for each day was randomized within subjects. The duration of neutral mask presentations matched the duration of threatening mask presentations to ensure equal exposure to both masks. This was to exclude the possibility that differential responses could be explained by familiar versus unfamiliar discrimination; however, we cannot account for the duration of time parent jackdaws observed the masks during each presentation. Mask types were counterbalanced to ensure that responses to mask types were based on experience, rather than distinguishing features that might have been perceptually more aversive to the birds. This counterbalance was also assigned in relation to site location to ensure that if a jackdaw were to observe a neighbour being disturbed, the experimenter would be wearing the same threatening mask type that had accessed their own box. No additional disturbances were directed towards the experimental nestboxes (e.g. nest checks) until after the experimental trials were complete. 
<H2>Experimental trials
     Experimental trials started the day after the experience trials. We used a 2X2 design in which each nestbox received four treatment types (mask + gaze direction) across 4 consecutive days (see Fig. 1). The experimenter put the mask on before approaching the nest site. Upon approach, the experimenter passed the box once (approximately 1.5 m from the base of the tree that held the nestbox) and continued directly to a marked spot 30 m from the base of the tree. We chose this distance because in a previous study, following initial reluctance, jackdaws would approach a feeding table when a human was sitting 30 m away (Davidson, 2014). All nestboxes faced an open area with a direct line of sight between experimenter and nestbox. A small stool was positioned next to a short tripod and camcorder (Panasonic SDR-H85) covered in camouflage tape. The trial began when the experimenter sat on the stool facing the nestbox and positioned her head in the correct gaze orientation: looking up and directed at the nestbox  (gaze towards) or directed down and to the side at 45 degrees (gaze away). The four treatment types were: threatening mask + gaze towards nestbox; threatening mask + gaze away from nestbox; neutral mask + gaze towards nestbox; and neutral mask + gaze away from nestbox (Fig. 2). Trials lasted 40 min while the experimenter remained motionless, after which time she collected the recording equipment and stool and left the area. Each set of treatments for a nestbox occurred at the same time each day (between 0600 and 0900 hours), and order of treatments was randomized. The mask was not removed until completely out of view from the nest site. 
     Videos were analysed using Observer XT software (Noldus Information Technology, Wageningen, The Netherlands). Latency to approach and number of approaches (approaches defined as landing on the nestbox) and latency to enter the nestbox  were recorded, as well as scolding calls by the nestbox  parents (a short, directed warning call that is lower in pitch than contact calls). None of the jackdaws in this experiment were ringed, and because jackdaws are sexually monomorphic and visually indistinguishable, data were recorded when either parent approached the box. Females are primarily responsible for incubating chicks in the early days following hatching (Henderson & Hart, 1993), and we recorded whether the female was incubating from the start of the trial, and if so, the time she first exited the nest. Five trials began with females incubating. We recorded the latency to approach the nestbox from the start of the trial even when females were incubating because males still approached the box when the female was inside. Female trial length was added as a covariate (full trial length minus the latency for the female to first exit the box). An upper limit of 40 min (the time at which the trial ended and the experimenter left the area) was given if a jackdaw did not land on or enter the box. A second blind coder analysed 28% of videos. Interrater reliability was assessed using a two-way intraclass correlation coefficient for agreement: latency to approach = 1.0, latency between first contact and entering box = 1.0, number of visits to the box = 0.93, number of scolds = 0.99.

     Data were analysed using generalized linear mixed models fitted to a negative binomial distribution with a log link function because data showed overdispersion. Four separate models were run to test the jackdaws’ reluctance or urgency to return and enter their nestboxes: latency to the first contact with the box, latency between the first contact and entering the box, and frequency of visits to the box, and number of scolding calls when visible and within 5 m of the box. Gaze direction, mask type, female trial length, and the interaction between gaze direction and mask were included as fixed factors, as well as trial order to control for any effects of repeated exposure to the human experimenter. To determine whether or not the two masks’ specific facial characteristics had any influence, we also included mask identity (old bald man versus long-haired man) as an additional fixed effect. Nestbox was included as a random factor to account for repeated measures. Ten trials were excluded when analysing the latency between the first contact and entering the box as no birds made contact with the box for the duration of the trial. Of these 10 trials, five were threatening mask treatments and five were nonthreatening mask treatments. Similarly five were ‘gaze away’ treatments and five were ‘gaze towards’ treatments The residuals from the GLMM for latency between first contact and entering the box were not normally distributed, thus violating model assumptions (homogeneity of the variance and normality of the residuals). Therefore, data were log-transformed and fitted to a linear mixed model, which resolved the issue of meeting the model assumptions. All models were first run with all terms, and nonsignificant fixed terms were successively dropped from the model (least significant first) until a minimal model remained. The minimal model was one in which all the remaining terms explained the variance at P < 0.05. Terms with a P value less than 0.10 are discussed as trends. Analyses were run in the glmmADMB (Skaug, Fournier, Nielsen, Magnusson, & Bolker, 2013) and lme4 (Bates, Maechler, Bolker, & Walker, 2013) packages for R Statistical Software (R Development Core Team, 2011).
Results
     Jackdaws were significantly quicker to return to their nestbox in response to the threatening mask than the neutral mask (Table 1, Fig. 3a), irrespective of gaze direction (z = -0.11, P = 0.196; mask*gaze interaction: z = 1.31, P = 0.191; Table 1). Jackdaws returned to the nestbox in 26 of 35 trials by landing on the box (mean latency ± SE: 891.1 ± 113.3 s), and in one trial the bird flew directly into the nestbox (latency 1840 s.). By the third trial jackdaws had decreased their latency to return to the nestbox significantly from the first trial (Table 1, Fig. 3b). Gaze direction did not influence latency, nor did female trial length (Table 1). The specific mask identity (old bald man/long-haired man) had no effect (Tables 1, 2).

     Neither gaze direction nor mask type influenced the frequency of visits to the nestbox (Table 1). By the third trial, jackdaws had increased their visits significantly (Table 1, Fig. 4a). The number of scolding calls directed towards the experimenter by the nestbox owners increased significantly by the fourth trial, but did not differ between treatments (Table 1, Fig. 4b). 

     Mask type, trial order, trial length and interactions did not significantly affect the latency to enter the box following initial contact with the box (Table 2). There was, however a nonsignificant trend for gaze to influence the latency to enter the nestbox. Once jackdaws made contact with the box, they tended to be quicker to enter when the experimenter was looking towards the box rather than away (Table 2, Fig. 5). 

<H1>Discussion
     This study demonstrates that wild jackdaws can distinguish between human faces and/or hair patterns. Specifically, jackdaws responded to an individual who previously disturbed their nest site by approaching the box more quickly than when in the presence of an individual who had simply walked past the nest without disturbing it. Gaze direction did not influence initial approach time to the box, but there was some evidence to suggest that jackdaws were quicker to enter the box following their first approach if gaze was directed towards the box, rather than away, regardless of mask type. Because this effect failed to reach statistical significance, and due to the relatively low sample size (10 trials were excluded as no birds made contact with the box), the results must be interpreted with caution. Potentially, jackdaws may respond to direct gaze by entering the nestbox to check their chicks and provide protection. Rapid entry into a nestbox has been observed during attacks from conspecifics, presumably because this offers a better defence position, particularly if there are eggs or chicks to protect (Davidson, 2014). The shortened latency to approach and enter the nestboxes is contrary to the findings that a fearful stimulus causes hesitation to approach a target area  ADDIN REFMGR.CITE (e.g. bee-eaters, Merops orientalis, Watve et al., 2002; starlings, Carter et al., 2008;  jackdaws, von Bayern & Emery, 2009). However, in contrast to these previous studies, the target area in our experiment was a nesting site rather than a food source, so reduced latencies are likely to reflect increased motivation to guard or inspect chicks in the presence of a threatening human that had previously accessed the nest (but see Watve et al., 2002 where visits to the nest were reduced during direct human gaze). 
     Our study showed that latency to return to the box decreased over trials. One interpretation would be that the jackdaws were habituating to the presence of the human across trials. However, our results argue against this interpretation as the reduced risk (neutral rather than threatening mask) was associated with longer return latencies. Instead, we suggest that the reduced latency associated with successive trials was due to associative learning processes, rather than nonassociative habituation learning. Jackdaws may have learned that approaching the box is an effective defensive behaviour, given that there were no further instances where the experimenter accessed the nestbox and removed the chicks. It may also be the case that the presence of a human nearby (threatening or neutral) is in itself an intimidating action compromising the safety of the jackdaw’s nest site, thereby increasing the perceived threat level and frequency of guarding responses. 
     Further evidence suggesting that jackdaws increased their defensive behaviour across trials is shown by the increase in number of scolding calls made by the nestbox owners by the fourth trial. Scolding calls may serve to alert partners or other colony members and/or recruit them for communal defence (Lorenz, 1952; Curio et al., 1978).  The increase in the frequency of scolding calls across trials is consistent with the findings that mockingbirds (Levey et al., 2009) and magpies (Lee et al., 2011) increased their antipredator responses (scolding and attack frequency, escape distance) after repeated exposure to threatening individuals. However, in our study, the number of scolding calls did not differ between mask types or gaze directions, suggesting that there was some degree of generalization towards humans as predators. This is in contrast to previous findings where mockingbirds (Levey et al., 2009), American crows (Marzluff et al., 2010) and magpies (Lee et al., 2011) showed few or no antipredator responses to neutral humans. This species difference may be due to the relatively high level of vigilant and flighty behaviour in jackdaws compared with other corvids (e.g. Schloegl, Schmidt, Scheid, Kotrschal, & Bugnyar, 2008, G. Davidson, personal observation).
     The fact that jackdaws responded vigilantly (i.e. scolding) even in the nondisturbing trials may also be due to the frequency and type of (i.e. negative or neutral) human interactions experienced by the study population. Lee et al. (2011) suggested that the ability to discriminate between individual predators may be dependent on cognitive abilities (i.e. the capacity to rapidly learn and distinguish between threatening and neutral human faces after minimal exposure) and/or the level of pre-exposure to the stimulus (i.e. learning to identify distinctive characteristics of human faces after multiple exposures, which would subsequently improve the ability to distinguish between threatening and neutral individuals). Our study did not test antipredator responses between densely and sparsely human-populated areas; nevertheless, we can speculate how the level of human exposure may influence individual predator recognition. Breeding jackdaws in Madingley village had comparably less human exposure than mockingbirds (Levey et al., 2009), American crows (Marzluff et al., 2010) and magpies (Lee et al., 2011) in busy university campuses and/or city centres. The finding that jackdaws generalize humans as predators to some degree (i.e. scolding calls directed at both mask types) is expected in an area in which the frequency of negative compared to neutral human interactions is relatively high (nest checks, ringing, etc.). Nevertheless, jackdaws’ urgency to fly to their nestbox depended on which mask type was present, suggesting they have the cognitive capacity to rapidly learn distinctive facial features or hair patterns. Studies that directly compare antipredator responses in both urban and rural areas would provide greater insight into how experience with humans influences an animal’s capacity to distinguish between threatening and neutral individuals (Lee et al., 2011).
	In Marzluff et al.’s (2012) experiment on individual predator recognition, eight different masks were used. The results showed that American crows were able to recognize different types of face. In contrast to their study, in which four of the masks were assigned to be threatening and the other four to be neutral, our study counterbalanced the masks as being threatening or neutral. This methodology controlled for any features of the mask that might have been aversive to the subjects, independent of the type of experience with the mask. Our results show that the specific masks themselves did not influence antipredator behaviour in jackdaws, demonstrating that jackdaws assign threat levels to individual humans based on their experience with each mask, rather than responding to facial features or hair patterns that may be visually aversive (e.g. colour of hair, facial expression).
	Our study quantified jackdaw responses to different mask types and gaze direction by measuring latency to approach, latency to enter the nestbox and number of scolding calls by the parents. Jackdaws may have responded to mask type and gaze direction in other ways that were not recorded here, such as direction of approach to the nest, flightiness in adjacent trees, or seeking out their partner for support. Moreover, our study was unable to account for the time when parents were away from the nest (e.g. foraging), the time at which the parents first observed the experimenter, and behaviours immediately following this (e.g. time spent on a distant tree before approaching). Although these behaviours were not possible to quantify in our current study, these additional factors may be useful to explore in future studies investigating wild animals’ responses to predators in proximity to their young. 
     To summarize, jackdaws not only recognized distinctive facial features or hair patterns, they were also capable of matching these features to prior experiences with that human to categorize different levels of threat. Although there was some indication that jackdaws also responded to human gaze cues (i.e. head orientation) directed towards or away from their box, this experiment suggests that individual predator recognition may be more important when assessing predator risk. This study raises interesting questions regarding the learning mechanisms guiding individual predator recognition. Jackdaws in our population may benefit from learning to recognize individual humans because they have had sufficient previous encounters with humans of differing threat levels. It is also unknown whether this recognition is specific to humans, or whether it is a generalized behaviour that has been learned through experience with other predator species, and subsequently applied to humans (or vice versa). Further research into these issues could give novel insight into predator recognition.

Acknowledgments
We are grateful to Jolle Jolles, Alison Greggor and Andrew Szopa-Comley who assisted with fieldwork, Chantal Deininger who contributed to video coding, and two anonymous referees for their constructive comments. This work was funded by the Zoology Balfour Fund (GD), The Cambridge Philosophical Society (G.D.), a British Ecological Society grant and BBSRC David Phillips Research Fellowship (BB/H021817/1) to A.T.

ReferencesAbjornsson, K., Wagner, B. M. A., Axelsson, A., Bjerselius, R., & Olsen, K. H. (1997). Responses of Acilius sulcatus (Coleoptera: Dytiscidae) to chemical cues from perch (Perca fluviatilis). Oecologia, 111, 166-171.Bates, M., Maechler, M., Bolker, B., & Walker, S. (2013). lme4: Linear mixed-effects models using Eigen and S4 (Version R package version 1.0-4). Vienna, Austria: R Foundation for Statistical Computing. http://CRAN.R-project.org/package=lme4. Bell, R. D., Rypstra, A. L., & Persons, M. H. (2006). The effect of predator hunger on chemically mediated antipredator responses and aurvival in the wolf spider Pardosa milvina (Araneae: Lycosidae). Ethology, 112, 903-910.Burger, J., Gochefeld, M., & Murray Jr, B. G. (1991). Role of a predator's eye size in risk perception by basking black iguana, Ctenosaura similis. Animal Behaviour, 42, 471-476.Carter, J., Lyons, N. J., Cole, H. L., & Goldsmith, A. R. (2008). Subtle cues of predation risk: starlings respond to a predator's direction of eye-gaze. Proceedings of the Royal Society B, 275, 1709-1715.Chivers, D. P. & Smith, R. J. F. (1994). The role of experience and chemical alarm signalling in predator recognition by fathead minnows, Pimephales promelas. Journal of Fish Biology, 44, 273-285.Clucas, B., Marzluff, J. M., Mackovjak, D., & Palmquist, I. (2013). Do American crows pay attention to human gaze and facial expressions? Ethology, 119, 296-302.Cornell, H. N., Marzluff, J. M., & Pecoraro, S. (2012). Social learning spreads knowledge about dangerous humans among American crows. Proceedings of the Royal Society B, 279, 499-508.Curio,E., Ernst,U., and Vieth,W. (1978). Cultural transmission of enemy recognition: one function of mobbing. Science 202, 899-901.Davidson, G. L. (2014). Functions of gaze sensitivity and iris colour in birds. (Unpublished doctoral thesis). Cambridge, U.K.:University of Cambridge.Davidson, G. L., Butler, S., Fernández-Juricic, E., Thornton, A., & Clayton, N. S. (2014). Gaze sensitivity: function and mechanisms from sensory and cognitive perspectives. Animal Behaviour, 87, 3-15.Deecke, V. B., Slater, P. J., & Ford, J. K. (2002). Selective habituation shapes acoustic predator recognition in harbour seals. Nature, 420, 171-173.Ferrari, M. C. O., Gonzalo, A., Messier, F., & Chivers, D. P. (2007). Generalization of learned predator recognition: an experimental test and framework for future studies. Proceedings of the Royal Society B, 274, 1853-1859.Griffin, A. S., Blumstein, D. T., & Evans, C. S. (2000). Training captive-bred or translocated animals to avoid predators. Conservation Biology, 14, 1317-1326.Henderson, I. G. & Hart, P. J. B. (1993). Provisioning, parental investment and reproductive success in jackdaws Corvus monedula. Ornis Scandinavica, 24, 142-148.Kondo, N., Izawa, E. I., & Watanabe, S. (2012). Crows cross-modally recognize group members but not non-group members. Proceedings of the Royal Society B, 279, 1937-42.Lee, W., Lee, S. i., Choe, J., & Jablonski, P. (2011). Wild birds recognize individual humans: experiments on magpies, Pica pica. Animal Cognition, 14, 817-825.Legagneux, P. & Ducatez, S. (2013). European birds adjust their flight initiation distance to road speed limits. Biology Letters, 9, 20130788.Levey, D. J., Londono, G. A., Ungvari-Martin, J., Hiersoux, M. R., Jankowski, J. E., Poulsen, J. R. et al. (2009). Urban mockingbirds quickly learn to identify individual humans. Proceedings of the National Academy of Sciences of the United States of America, 106, 8959-8962.Licht, T. (1989).  Discriminating between hungry and satiated predators: the response of guppies (Poecilia reticulata) from high and low predation sites. Ethology, 82, 238-243.Lima, S. L. & Dill, L. M. (1990). Behavioral decisions made under the risk of predation: a review and prospectus. Canadian Journal of Zoology, 68, 619-640.Lorenz,K. (1952). King Solomon's Ring. New York, New York: Penguine Books.Manser, M. B. (2001). The acoustic structure of suricates' alarm calls varies with predator type and the level of response urgency. Proceedings of the Royal Society B, 268, 2315-2324.Manser, M. B., Seyfarth, R. M., & Cheney, D. L. (2002). Suricate alarm calls signal predator class and urgency. Trends in Cognitive Sciences, 6, 55-57.Marzluff, J. M., Miyaoka, R., Minoshima, S., & Cross, D. J. (2012). Brain imaging reveals neuronal circuitry underlying the crows' perception of human faces. Proceedings of the National Academy of Sciences of the United States of America, 109, 15912-15917.Marzluff, J. M., Walls, J., Cornell, H. N., Withey, J. C., & Craig, D. P. (2010). Lasting recognition of threatening people by wild American crows. Animal Behaviour, 79, 699-707.McLean, I. G., Holzer, C., & Studholme, B. J. S. (1999). Teaching predator-recognition to a naive bird: implications for management. Biological Conservation, 87, 123-130.McLean, I. G., Lundie-Jenkins, G., & Jarman, P. J. (1996). Teaching an endangered mammal to recognise predators. Biological Conservation, 75, 51-62.Proops, L., McComb, K., & Reby, D. (2009). Cross-modal individual recognition in domestic horses (Equus caballus). Proceedings of the National Academy of Sciences of the United States of America, 106, 947-951.Proops, L. & McComb, K. (2012). Cross-modal individual recognition in domestic horses (Equus caballus) extends to familiar humans. Proceedings of the Royal Society B, 279, 3131-3138.R Development Core Team (2011). R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. http://cran.r-project.org/. Roell, A. (1978). Social behaviour of the jackdaw, Corvus monedula, in relation to its niche. Behaviour, 64, 1-124.Roell, A. & Bossema, I. (1982). A comparison of nest defence by jackdaws, rooks, magpies and crows. Behavioral Ecology and Sociobiology, 11, 1-6.Schloegl, C., Schmidt, J., Scheid, C., Kotrschal, K., & Bugnyar, T. (2008). Gaze following in non-human animals: the corvid example. In E.A.Weber & L. H. Krause (Eds.), Animal Behaviour: New Research (pp. 73-92). New York, NY: Nova Science Publishers.Skaug, H., Fournier, D., Nielsen, A., Magnusson, A., & Bolker, B. (2013). Generalized Linear Mixed Models using AD model builder (Version R package version 0.7.7) http://glmmadmb.r-forge.r-project.org/.Slobodchikoff, C. N., Kiriazis, J., Fischer, C., & Creef, E. (1991). Semantic information distinguishing individual predators in the alarm calls of Gunnison's prairie dogs. Animal Behaviour, 42, 713-719.Thorson, J. M., Morgan, R. A., Brown, J. S., & Normal, J. E. (1998). Direct and indirect cues of predatory risk and patch use by fox squirrels and thirteen-lined ground squirrels. Behavioural Ecology, 9, 151-157.von Bayern, A. M. & Emery, N. J. (2009). Jackdaws respond to human attentional states and communicative cues in different contexts. Current Biology, 19, 602-606.Wascher, C., Szipl, G., Boeckle, M., & Wilkinson, A. (2012). You sound familiar: carrion crows can differentiate between the calls of known and unknown heterospecifics. Animal Cognition, 15, 1015-1019.Watve, M., Thakar, J., Kale, A., Puntambekar, S., Shaikh, I., Vaze, K. et al. (2002). Bee-eaters (Merops orientalis) respond to what a predator can see. Animal Cognition, 5, 253-259.Wiebe, K. L. (2004). Innate and learned components of defence by flickers against a novel nest competitor, the European starling. Ethology, 110, 779-791.Wiley, R. H. (2013). Specificity and multiplicity in the recognition of individuals: implications for the evolution of social behaviour. Biological Reviews, 88, 179-195.

Abjornsson, K., Wagner, B. M. A., Axelsson, A., Bjerselius, R., & Olsen, K. H. (1997). Responses of Acilius sulcatus (Coleoptera: Dytiscidae) to chemical cues from perch (Perca fluviatilis). Oecologia, 111, 166-171.
Bates, M., Maechler, M., Bolker, B., & Walker, S. (2013). lme4: Linear mixed-effects models using Eigen and S4 (Version R package version 1.0-4). Vienna, Austria: R Foundation for Statistical Computing. http://CRAN.R-project.org/package=lme4. 
Bell, R. D., Rypstra, A. L., & Persons, M. H. (2006). The effect of predator hunger on chemically mediated antipredator responses and aurvival in the wolf spider Pardosa milvina (Araneae: Lycosidae). Ethology, 112, 903-910.
Burger, J., Gochefeld, M., & Murray Jr, B. G. (1991). Role of a predator's eye size in risk perception by basking black iguana, Ctenosaura similis. Animal Behaviour, 42, 471-476.
Carter, J., Lyons, N. J., Cole, H. L., & Goldsmith, A. R. (2008). Subtle cues of predation risk: starlings respond to a predator's direction of eye-gaze. Proceedings of the Royal Society B, 275, 1709-1715.
Chivers, D. P. & Smith, R. J. F. (1994). The role of experience and chemical alarm signalling in predator recognition by fathead minnows, Pimephales promelas. Journal of Fish Biology, 44, 273-285.
Clucas, B., Marzluff, J. M., Mackovjak, D., & Palmquist, I. (2013). Do American crows pay attention to human gaze and facial expressions? Ethology, 119, 296-302.
Cornell, H. N., Marzluff, J. M., & Pecoraro, S. (2012). Social learning spreads knowledge about dangerous humans among American crows. Proceedings of the Royal Society B, 279, 499-508.
Curio,E., Ernst,U., and Vieth,W. (1978). Cultural transmission of enemy recognition: one function of mobbing. Science 202, 899-901.
Davidson, G. L. (2014). Functions of gaze sensitivity and iris colour in birds. (Unpublished doctoral thesis). Cambridge, U.K.:University of Cambridge.
Davidson, G. L., Butler, S., Fernández-Juricic, E., Thornton, A., & Clayton, N. S. (2014). Gaze sensitivity: function and mechanisms from sensory and cognitive perspectives. Animal Behaviour, 87, 3-15.
Deecke, V. B., Slater, P. J., & Ford, J. K. (2002). Selective habituation shapes acoustic predator recognition in harbour seals. Nature, 420, 171-173.
Ferrari, M. C. O., Gonzalo, A., Messier, F., & Chivers, D. P. (2007). Generalization of learned predator recognition: an experimental test and framework for future studies. Proceedings of the Royal Society B, 274, 1853-1859.
Griffin, A. S., Blumstein, D. T., & Evans, C. S. (2000). Training captive-bred or translocated animals to avoid predators. Conservation Biology, 14, 1317-1326.
Henderson, I. G. & Hart, P. J. B. (1993). Provisioning, parental investment and reproductive success in jackdaws Corvus monedula. Ornis Scandinavica, 24, 142-148.
Kondo, N., Izawa, E. I., & Watanabe, S. (2012). Crows cross-modally recognize group members but not non-group members. Proceedings of the Royal Society B, 279, 1937-42.
Lee, W., Lee, S. i., Choe, J., & Jablonski, P. (2011). Wild birds recognize individual humans: experiments on magpies, Pica pica. Animal Cognition, 14, 817-825.
Legagneux, P. & Ducatez, S. (2013). European birds adjust their flight initiation distance to road speed limits. Biology Letters, 9, 20130788.
Levey, D. J., Londono, G. A., Ungvari-Martin, J., Hiersoux, M. R., Jankowski, J. E., Poulsen, J. R. et al. (2009). Urban mockingbirds quickly learn to identify individual humans. Proceedings of the National Academy of Sciences of the United States of America, 106, 8959-8962.
Licht, T. (1989).  Discriminating between hungry and satiated predators: the response of guppies (Poecilia reticulata) from high and low predation sites. Ethology, 82, 238-243.
Lima, S. L. & Dill, L. M. (1990). Behavioral decisions made under the risk of predation: a review and prospectus. Canadian Journal of Zoology, 68, 619-640.
Lorenz,K. (1952). King Solomon's Ring. New York, New York: Penguine Books.
Manser, M. B. (2001). The acoustic structure of suricates' alarm calls varies with predator type and the level of response urgency. Proceedings of the Royal Society B, 268, 2315-2324.
Manser, M. B., Seyfarth, R. M., & Cheney, D. L. (2002). Suricate alarm calls signal predator class and urgency. Trends in Cognitive Sciences, 6, 55-57.
Marzluff, J. M., Miyaoka, R., Minoshima, S., & Cross, D. J. (2012). Brain imaging reveals neuronal circuitry underlying the crows' perception of human faces. Proceedings of the National Academy of Sciences of the United States of America, 109, 15912-15917.
Marzluff, J. M., Walls, J., Cornell, H. N., Withey, J. C., & Craig, D. P. (2010). Lasting recognition of threatening people by wild American crows. Animal Behaviour, 79, 699-707.
McLean, I. G., Holzer, C., & Studholme, B. J. S. (1999). Teaching predator-recognition to a naive bird: implications for management. Biological Conservation, 87, 123-130.
McLean, I. G., Lundie-Jenkins, G., & Jarman, P. J. (1996). Teaching an endangered mammal to recognise predators. Biological Conservation, 75, 51-62.
Proops, L., McComb, K., & Reby, D. (2009). Cross-modal individual recognition in domestic horses (Equus caballus). Proceedings of the National Academy of Sciences of the United States of America, 106, 947-951.
Proops, L. & McComb, K. (2012). Cross-modal individual recognition in domestic horses (Equus caballus) extends to familiar humans. Proceedings of the Royal Society B, 279, 3131-3138.
R Development Core Team (2011). R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. http://cran.r-project.org/. 
Roell, A. (1978). Social behaviour of the jackdaw, Corvus monedula, in relation to its niche. Behaviour, 64, 1-124.
Roell, A. & Bossema, I. (1982). A comparison of nest defence by jackdaws, rooks, magpies and crows. Behavioral Ecology and Sociobiology, 11, 1-6.
Schloegl, C., Schmidt, J., Scheid, C., Kotrschal, K., & Bugnyar, T. (2008). Gaze following in non-human animals: the corvid example. In E.A.Weber & L. H. Krause (Eds.), Animal Behaviour: New Research (pp. 73-92). New York, NY: Nova Science Publishers.
Skaug, H., Fournier, D., Nielsen, A., Magnusson, A., & Bolker, B. (2013). Generalized Linear Mixed Models using AD model builder (Version R package version 0.7.7) http://glmmadmb.r-forge.r-project.org/.
Slobodchikoff, C. N., Kiriazis, J., Fischer, C., & Creef, E. (1991). Semantic information distinguishing individual predators in the alarm calls of Gunnison's prairie dogs. Animal Behaviour, 42, 713-719.
Thorson, J. M., Morgan, R. A., Brown, J. S., & Normal, J. E. (1998). Direct and indirect cues of predatory risk and patch use by fox squirrels and thirteen-lined ground squirrels. Behavioural Ecology, 9, 151-157.
von Bayern, A. M. & Emery, N. J. (2009). Jackdaws respond to human attentional states and communicative cues in different contexts. Current Biology, 19, 602-606.
Wascher, C., Szipl, G., Boeckle, M., & Wilkinson, A. (2012). You sound familiar: carrion crows can differentiate between the calls of known and unknown heterospecifics. Animal Cognition, 15, 1015-1019.
Watve, M., Thakar, J., Kale, A., Puntambekar, S., Shaikh, I., Vaze, K. et al. (2002). Bee-eaters (Merops orientalis) respond to what a predator can see. Animal Cognition, 5, 253-259.
Wiebe, K. L. (2004). Innate and learned components of defence by flickers against a novel nest competitor, the European starling. Ethology, 110, 779-791.




Table 1. Model outputs from GLMMs for visit latency, number of visits and number of scolds
Response	 	No. of observations	df	Fixed effects	β±SE	z	P






 	Terms dropped from full model			Gaze direction	-0.02±0.14	-0.11	0.916
				Mask identity	-0.07±0.16	-0.43	0.669
 				Trial length	0±0	-1.38	0.167





 	Terms dropped from full model			Mask	0.21±0.26	0.80	0.42
 				Gaze direction	-0.11±0.24	-0.45	0.656
 				Trial length	0±0	1.56	0.119




 				Trial order: 4	2.72±0.67	4.05	< 0.001




Factors affecting latency to approach nestbox, total number of visits and number of scolds are shown. The reference categories are neutral (for Mask), gaze away (for Gaze direction) and Trial 1 (for Trial order); N = 36 trials across eight nestboxes. 


Table 2. Model output from linear mixed model for latency to enter box
Response	 	No. of observations	df	Fixed effects	β±SE	t	P
Latency (log-transformed) between first contact and entering box	26	16				 
 	Minimal model			Intercept	1.92±0.31	6.25	<0.001
 				Gaze direction	-0.79±0.43	-1.81	0.09










Figure 1. Sequence of mask presentations directed at jackdaw parents’ nestboxes. Days 1 - 3 include stimulus (mask) presentations matched with ‘threatening’ and ‘neutral’ experiences. Days 4 - 7 include experimental trials during which jackdaw responses were recorded while they were re-exposed to the experimenter wearing each mask type, gazing away or towards the box. 

Figure 2. The two masks and their two gaze cues. (a) Mask 1 (long-haired man), gaze towards; (b) Mask 1, gaze away; (c) Mask 2 (old bald man), gaze towards; (d) Mask 2, gaze away.  Masks were randomly assigned as either ‘threatening’ or ‘neutral’ and counterbalanced across nesting sites.

Figure 3.  Latency to first land on the nestbox during (a) the threatening mask presentation and (b) over successive trials. Bars denote predicted means and ±SE from the GLMMs. Solid bars = neutral mask, open bars = threatening mask in (b), and trial 1 as the reference category. * P  < 0.05; ** P < 0.01;  *** P < 0.001.

Figure 4. Across successive trials, (a) number of visits to the box and (b) number of scolding calls. Bars represent means and ± SE, and trial 1 was the reference category (for trial). * P  < 0.05; ** P < 0.01

Figure 5. Latency to enter nestbox following initial contact with the nestbox when gaze was away from or at the box. Bars represent means and ± SE from log-transformed data. 

Figure 1

Figure 2





Figure 3

Figure 4

Figure 5




1


